W ithin the first hours after virus infection, a number of pathogen-associated molecular patterns that trigger innate immunity and cytokines, such as type I IFN, are produced that ensure initial survival of the host (1). Vesicular stomatitis virus (VSV) 4 infection induces maximal IFN-␣␤ levels after ϳ12 h. At later time points, IFN-␣␤ levels decline and reach background levels by day 2 (2, 3). Rapid IFN-␣␤ induction is critically required for the initial survival, as demonstrated by VSVinfected IFN receptor-deficient (IFNAR Ϫ/Ϫ ) mice that succumb to low-dose infection within few days, whereas wild-type (WT) mice usually survive infections with Ͼ6 magnitudes higher virus doses (4) . Furthermore, protection requires the induction of VSV-neutralizing Ab responses, as indicated by B cell-deficient mice that succumb to VSV infection between days 5 and 7 (5) . Finally, longterm protection is further supported by the subclass switch of neutralizing IgM to IgG. This was demonstrated by mice depleted of CD4 ϩ T cells that mounted VSV-neutralizing IgM responses, but did not show an IgG subclass switch and showed an increased sensitivity to lethal VSV infection (6) .
Several lines of evidence pointed toward an impact of IFN-␣␤ on Ab responses. In in vitro studies, B cells treated with suboptimal anti-IgM showed an enhanced IgM production upon costimulation with IFN-␣␤ (7). More strikingly, in vivo experiments established an adjuvant effect of IFN-␣␤ leading to improved Ab responses. In this context, it was shown that IgG responses toward an influenza subunit vaccine (8) and against the soluble protein chicken ␥-globulin (CGG) (9, 10) were enhanced by type I IFN stimulation. In the latter model, Le Bon et al. (9 -11) demonstrated that injection with CGG devoid of adjuvans induced only very weak Ab responses, whereas coinjection of CGG and IFN-␣␤ induced significant CGG-specific IgM and IgG responses. Under these experimental conditions, IFN-␣␤ stimulation of dendritic cells (DCs), as well as of B and T cells, played a critical role.
Depending on the virus infection analyzed, virus-induced type I IFN may or may not have an impact on anti-viral Ab responses. Van den Broek et al. (13) demonstrated that after infection with the noncytopathic lymphocytic choriomeningitis virus (LCMV), which induces significant type I IFN responses (12) , IFNAR Ϫ/Ϫ mice and WT controls mounted similar NP-specific Ab responses of a comparable magnitude and isotype pattern. In contrast, after infection with a low pathogenic influenza virus strain that is similarly cleared in IFNAR Ϫ/Ϫ and WT mice, IFNAR signaling was one of the first direct stimulatory signals required for local lymph node B cells to mount Ab responses. In this model, IFNAR Ϫ/Ϫ mice, which showed a reduced frequency of influenza-specific B cells, produced a changed isotype pattern of influenza-specific Abs, and the differentiation of activated B cells to Ab-secreting plasma cells was hampered (14) . Recent VSV infection studies conducted in mice carrying adoptively transferred transgenic VSV-specific B cells suggested that IFNAR signaling of B cells enhanced plasma blast formation and increased IgM responses (15) . However, in these studies, the adoptively transferred IFNARdeficient B cells expressing a transgenic BCR competed with endogenous IFNAR-competent B cells. Therefore, the overall neutralizing Ab responses were rather similar, irrespective of whether IFNAR-deficient or IFNAR-competent transgenic B cells were transferred. Thus, the question of whether IFNAR signaling had an impact on the induction of virus-neutralizing B cell responses remained elusive.
To address this issue, we generated retrovirus-like particles (VLP) displaying VSV gp (VSV-G) (VLP-VSV) that are entirely replication deficient and thus are not infective. Compared with UV-inactivated VSV that primarily induces IgM responses within a broad range of doses, we showed in this study that VLP-VSV is highly immunogenic and induces VSV-neutralizing IgM responses that switch to the IgG subclass. Furthermore, we found that IFNAR triggering only marginally affected VLP-VSV-induced neutralizing IgM responses, whereas it was critically required to promote the IgG switch. The analysis of conditional knockout mice with a lymphocyte-specific IFNAR deletion revealed that IFNAR triggering of lymphocytes did not play a crucial role, neither upon VLP-VSV nor VSV immunization. (3, 10, 11) ) and CD4-Cre and/or CD19-Cre transgenic mice expressing the recombinase Cre specifically in T cells (16) or B cells (17) , respectively. All of these mice have been 10-fold backcrossed to the C57BL/6 background before they were used for matings. Type I IFN receptor-deficient (IFNAR Ϫ/Ϫ ) mice (4) have been 20-fold backcrossed to the C57BL/6 background. Mice were kept under specific pathogen-free conditions at the central mouse facility of the Paul-Ehrlich-Institut. Unmutated C57BL/6 mice, also referred to as WT, were purchased from Charles River Laboratories or were bred at the Paul-Ehrlich-Institut. For experimental mouse work, 6-to 8-wk-old animals were used. Experiments were conducted in compliance with the regulations of the German animal protection law.
Materials and Methods

Viruses and production of VLP
VSV serotype Indiana (VSV-IND; Mudd-Summers isolate) was originally obtained from D. Kolakofsky (University of Geneva, Geneva, Switzerland), and was grown on BHK cells in MEM supplemented with 5% FCS to obtain virus stocks containing 10 9 PFU/ml. UV inactivation was performed with a UV irradiator (Herolab; CL-1) at 300 mJ. For the production of VLP, human embryonic kidney-293FT cells (Invitrogen Life Technologies) cultivated in DMEM supplemented with 10% FCS were transiently cotransfected with the murine leukemia virus (MLV) gag/pol expression plasmid pHIT60 (18) in combination with the VSV-G or epidermal growth factor (EGF) display constructs pmDG (19) and pDEGF, respectively, using lipofectamine, according to the manufacturer's instruction (Invitrogen Life Technologies). Cell culture supernatants were harvested 48 h after transfection, and particles were concentrated by low speed centrifugation (3600 rpm, 4°C; Biofuge Heraeus). Pelleted virus was resuspended in PBS and used for electron microscopy, ELISA analysis, and immunizations. To estimate absolute particle numbers, reverse-transcriptase units were determined from VLP preparations. Assuming that 1 reverse-transcriptase unit corresponded to 3 ϫ 10 9 VLPs (20), ϳ10 9 particles were used for typical immunization experiments. For equilibration of particle preparations, ELISA tests were performed, as described previously (21) .
Electron microscopy
For immunonegative staining, 10 l of virus suspension was adsorbed to glow discharged carbon-coated Formvar grids for 2 min. After rinsing in PBS, grids were incubated with a polyclonal anti-VSV-G rabbit antiserum at 1/1000 dilution for 15 min. After washing, grids were incubated with a 10-nm-diameter gold particle-labeled goat anti-rabbit IgG Ab (Biocell Laboratories) at 1/50 dilution for 15 min. Finally, immunolabeled samples were negatively stained with 2% uranylacetate for 10 s. Electron microscopy preparations were examined in a Zeiss EM 109 or 902 electron microscope.
Analysis of VSV-specific serum binding by ELISA
Purified VSV-IND was prediluted 1/10,000 and coated in 0.1 M NaHCO 3 (pH 9.6), on 96-well ELISA plates (Nunc). After blocking with 5% BSA, 20-fold prediluted serum was serially 3-fold diluted (20 ϫ log 3 ) in PBS, 0.1% Tween 20, and 1% BSA, and added for 2 h at room temperature to the ELISA plates. Upon thorough washing, the HRP-conjugated polyclonal rabbit Ab directed against mouse Ig of the M or G subclasses (anti-mouse IgM, anti-mouse IgG; Zymed Laboratories) was added in a 1/1000 dilution. After 1-h incubation at room temperature, plates were washed, and for the detection of bound HRP-coupled Abs substrate was added (0.5 mg/ml 2.2Ј-azino-di-ethyl-benzothiazolinsulfonat (Roche) in 0.1 M NaH 2 PO 4 (pH 4) and 30% H 2 O 2 ). The OD was determined at a wavelength of ϭ 405 nm.
To analyze molecules displayed by VLP, 96-well ELISA plates (Nunc) were coated with graded concentrations of purified VLP-VSV or EGFdisplaying VLP (VLP-EGF) that were prediluted 1/10 in 0.1 M NaHCO 3 (pH 9.6) and subsequently serially 3-fold diluted (10 ϫ log 3 ). For coating of VSV, purified virus was 1/1000 prediluted, serially 3-fold diluted, and then transferred to 96-well ELISA plates. After overnight incubation, unspecific binding was blocked using 5% BSA. For detection of surface Ags, the mouse VSV-G-specific mAb VI24 (22) prediluted 1/200 or MLV-specific anti-p30 antiserum diluted 1/1000 in PBS, 0.1% Tween, and 1% BSA was added for 2 h at room temperature. Upon thorough washing, bound Ab was decorated using 1/1000 diluted HRP-conjugated rabbit anti-mouse IgM ϩ G ϩ A Ab (Zymed Laboratories).
Depletion of CD4
ϩ T cells 
VSV neutralization assay
Serial 2-fold dilutions of 1/40 prediluted serum samples were mixed with equal volumes of VSV containing 10 2 PFU, and the mixtures were incubated for 90 min at 37°C in an atmosphere containing 5% CO 2 . A total of 100 l of the mixtures was transferred onto Vero cell monolayers in 96-well plates and incubated for 1 h at 37°C. Monolayers were overlaid with 100 l of MEM containing 1% methylcellulose, and incubated for 24 h at 37°C. Then the overlay was removed, and the monolayer was fixed and stained with 0.5% crystal violet dissolved in 5% formaldehyde, 50% ethanol, and 4.25% NaCl. The serum dilution reducing the number of plaques by 50% was taken as titer (23) . To determine IgG titers, undiluted serum was treated with an equal volume of 280 mM 2-ME for 1 h at room temperature before samples were processed, as described above.
Immunohistology
Freshly removed organs were embedded in Tissue Freezing Medium (Leica Microsystems) and snap frozen by submersing samples for several minutes in liquid nitrogen. Tissue sections of 5 m thickness were cut in a cryostat, placed on siliconized glass slides, air dried, fixed with acetone for 10 min, and stored at Ϫ70°C. Immunohistological stainings were performed, as described previously (24), except for detection of germinal center (GC) cells that was done by using biotinylated peanut hemagglutinin (PNA; Vector Laboratories). For staining of follicular DCs (FDC), rehydrated tissue sections were incubated with rat mAbs clone FDC-M1 (BD Biosciences). Staining was revealed by the ABC/peroxidase method (DakoCytomation).
Detection of GC B cells by FACS analysis
Spleens were removed, and single-cell suspensions were prepared. After RBC lysis by treatment with red blood lysing solution (BD Biosciences), splenocytes were incubated with biotinylated PNA (Vector Laboratories) in FACS buffer (PBS containing: 2% FCS, 0.03% NaN 3 , and 20 mM EDTA) at 4°C for 15 min. After extensive washing with FACS buffer, cells were stained with a mixture of streptavidin-PE (BD Biosciences), PECy5.5-B220 Ab (Caltag Laboratories), FITC-conjugated anti-CD21 (BD Biosciences), and allophycocyanin-conjugated anti-CD23 (Caltag Laboratories) at 4°C for 15 min in FACS buffer. After washing, samples were analyzed on a FACS BD LSR II (BD Biosciences) using BD FACS Diva software (BD Biosciences).
To determine absolute counts of spleen cell subsets, a defined volume of spleen cells was mixed with an equivalent volume of counting beads (Caltag Laboratories) containing ϳ1000 beads/l. After staining of samples and acquisition of FACS data equivalent to 5000 counting beads, absolute cell numbers were calculated.
Statistical analysis
Data were analyzed using two-tailed Student's t test. All analyses were performed using Prism software (GraphPad Prism). Differences were considered significant at a p value Ͻ0.05. The slopes of IgG curves were compared by means of a mixed model ANOVA accounting for repeated measures.
Results
Generation of VLP-VSV
VLP-VSV were generated by transient cotransfection of 293FT cells with the MLV gag/pol expression plasmid pHIT60 together with the VSV-G expression construct pmDG. To obtain control particles, the EGF display construct pDEGF was used instead of pmDG (19) . After 48-h incubation, cell culture supernatant was harvested and particles were concentrated by low speed centrifugation. Immunoelectron FIGURE 1. Characterization of VLP-VSV or EGF compared with VSV. A, Analysis of VSV-G expression by immunoelectron microscopy. Samples of VSV, VLP-VSV, and VLP-EGF were applied to glow-discharged carbon-coated Formvar grids. VSV-G was labeled by a polyclonal anti-VSV-G rabbit serum and a 10-nm-diameter gold particle-labeled anti-rabbit IgG (arrowheads). The bar is equivalent to 50 nm. B, Analysis of VSV-G expression by an ELISA method. ELISA plates were coated in log 3 dilution steps with graded concentrations of VLP-EGF, VLP-VSV, and VSV. After blocking of unspecific binding, plates were incubated with the VSV-G-specific mouse mAb VI24 (F) or with MLV-specific goat anti-p30 polyclonal serum (f). Bound Abs were detected by an anti-mouse IgG2a-HRP Ab or anti-goat IgG-HRP. microscopic analysis revealed that VSV and VLP-VSV, but not VLP-EGF, were decorated by polyclonal rabbit serum specifically binding VSV-G (Fig. 1A) . Upon coating of serially diluted VSV, VLP-VSV, and VLP-EGF on ELISA plates and incubation with the VSV-neutralizing mAb VI24, only VSV and VLP-VSV, but not VLP-EGF, showed binding of VI24. Staining with a VLP-specific anti-p30 serum was positive only for VLP-VSV and VLP-EGF, but not for VSV (Fig.  1B) . Thus, VLP-VSV displayed VSV-G in a way that neutralizing determinants, as recognized by VI24 in an ELISA, were expressed.
Reminiscent of VSV, VLP-VSV induces a VSV-neutralizing IgM response that switches T help dependently to the IgG subclass
To analyze VSV-specific Ab responses induced by VLP-VSV, WT mice were i.v. injected with VLP-VSV or VSV, and serum samples were collected at the indicated time points. Determination of VSV-neutralizing serum titers revealed that within 4 days after injection of VLP-VSV, WT mice mounted VSV-neutralizing IgM that switched to the IgG subclass by day 12 and remained elevated (Fig. 2) . Similarly, VSV-injected mice mounted neutralizing IgM by day 4 that switched to IgG by day 8 and remained elevated. VLP-VSV-induced IgM responses were slightly enhanced when compared with those induced by VSV, whereas IgG responses were ϳ2-4 log 2 steps lower than those induced by VSV (Fig. 2) . To analyze the T help dependence of VLP-VSV-induced Ab responses, untreated control mice and mice depleted of CD4 ϩ T cells were immunized with VSV or VLP-VSV, and neutralizing serum Abs were determined. As described previously (25) , upon VSV infection of CD4-depleted mice, VSV-neutralizing IgM, but no ϩ T cells showed a neutralizing IgM response, but no IgG switch (Fig. 2) . VSV-and VLP-VSV-induced IgM responses were slightly reduced in CD4-depleted mice when compared with untreated controls. Collectively, these results indicated that VSV and VLP-VSV induced T help-independent IgM responses that switched to IgG in a T help-dependent manner.
In VLP-VSV-immunized mice, the T help-dependent IgG switch is IFNAR dependent
To assess the IFNAR dependence of VLP-VSV-induced Ab responses, WT controls and IFNAR Ϫ/Ϫ mice were injected with VLP-VSV, and serum samples were collected at the indicated time points. VSV-specific Ig binding was assessed by applying serially diluted serum samples to plates coated with purified VSV. Specifically, bound IgM or IgG was detected by using goat anti-mouse IgM or goat anti-mouse IgG conjugated with HRP. Compared with WT controls, VLP-VSV-injected IFNAR Ϫ/Ϫ mice showed slightly reduced VSV-specific IgM titers on day 4, whereas VSV-specific IgG titers on days 12 and 20 were significantly reduced (Fig. 3A) . Similarly, neutralizing IgM responses were only slightly reduced in IFNAR Ϫ/Ϫ mice when compared with WT mice. In contrast, the switch to neutralizing IgG and the sustained IgG production at later time points were entirely missing in VLP-VSV-treated IFNAR Ϫ/Ϫ mice (Fig. 3B) . Thus, upon VLP-VSV immunization, the induction of neutralizing IgM was largely IFNAR independent, whereas the T help-dependent switch to neutralizing IgG was strictly IFNAR dependent.
IFNAR Ϫ/Ϫ mice showed a moderately reduced GC formation after VLP-VSV immunization
Because GC play a key role in subclass switch, GC formation was studied in WT controls and IFNAR Ϫ/Ϫ mice. To this end, mice were injected with VSV or VLP-VSV, and 14 days later spleens were prepared for immunohistological analysis. GC were identified by colocalization of PNA (Fig. 4A, upper panels) and FDC staining on consecutive sections (Fig. 4A, lower panels) . Spleens of untreated WT and IFNAR Ϫ/Ϫ mice basically did not show GC, whereas after VLP-VSV or VSV immunization ϳ32 and 38 GC per section were found in WT spleens, respectively (Fig. 4, A and  B) . Upon VLP-VSV immunization, IFNAR Ϫ/Ϫ spleens showed ϳ18 GC per section (Fig. 4B) .
The presence of GC B cells was further evaluated by flow cytometric analysis. Fourteen days after VLP-VSV or PBS treatment, splenocytes of IFNAR Ϫ/Ϫ mice and WT controls were stained with anti-B220, anti-CD21, anti-CD23, and PNA (Fig. 4C) (Fig. 4C) . Overall, the distribution of marginal zone B cells and follicular B cells of ϳ5-7% and 80 -85%, respectively, did not change significantly in WT and IFNAR Ϫ/Ϫ mice upon VLP-VSV treatment, whereas CD21 low CD23 low B cells showed a slight increase in immunized mice. In conclusion, the immunohistological analysis and FACS studies showed that VLP-VSV treatment induced a GC reaction that was moderately reduced in IFNAR Ϫ/Ϫ mice when compared with WT controls.
The VLP-VSV-induced IFNAR-dependent IgG switch is largely independent of direct IFNAR triggering of lymphocytes
Because the VLP-VSV-induced IgG switch was T help dependent, we next addressed whether direct IFNAR triggering of T and/or B cells played a critical role. To this end, conditional knockout mice with a T cell (IFNAR-T), a B cell (IFNAR-B) , or a combined B and T cell-specific (IFNAR-BT) IFNAR ablation were injected with VLP-VSV. Interestingly, all analyzed cell type-specific IFNAR-deficient mouse lines showed an IgG switch, although IgG responses in IFNAR-BT mice were statistically significantly reduced when compared with IFNAR-B, IFNAR-T, and WT controls (Fig. 5) . Thus, direct IFNAR triggering of B cells or T cells was not critically required to promote the VLP-VSV-induced IgG switch. Nevertheless, reduced IgG levels observed in IFNAR-BT mice suggested that IFNAR triggering of both lymphocyte subsets further improved the IgG switch.
VLP-VSV-primed IFNAR Ϫ/Ϫ mice boosted with live VSV mount neutralizing IgG
To address whether in complete absence of a functional type I IFN system the subclass switch of neutralizing Ab responses could be induced at all, WT and IFNAR Ϫ/Ϫ mice were primed with VLP-VSV and challenged with VSV. After VLP-VSV priming and VSV challenge of WT mice, VSV-neutralizing IgM was induced by day 4 and significant IgG titers were detected after 8 days (Fig.  6, Protocols A and B) . When IFNAR Ϫ/Ϫ mice were VSV challenged 2 days after VLP-VSV treatment, no neutralizing Abs were induced and mice succumbed to infection by day 4 (Protocol A). In contrast, mice that were VSV challenged 4 days after VLP-VSV priming survived for a total of 10 days before first signs of disease became apparent and the experiment had to be discontinued. Under such conditions, day 10 serum showed neutralizing IgG in all animals tested that reached a similar magnitude as compared with WT controls (Fig. 6, Protocol B) . Thus, IFNAR Ϫ/Ϫ mice were able to mount neutralizing IgG responses, if stimulated appropriately.
VSV-infected mice with a lymphocyte-specific IFNAR deletion mount normal VSV-neutralizing IgM and IgG responses
To study whether upon VSV infection direct IFNAR triggering of B and/or T cells played a role, conditional knockout mice with a lymphocyte-specific IFNAR ablation were VSV infected and blood samples were collected at the indicated time points. Interestingly, IFNAR-BT as well as IFNAR-B or IFNAR-T mice mounted neutralizing Ab responses that were very similar to those of VSV-infected WT mice (Fig. 7) . Immunohistological analysis of spleen sections prepared 14 days after VSV infection revealed a normal GC formation in IFNAR-B mice (Fig. 8A) . In addition, numbers of GC per spleen section were similar in IFNAR-B mice and WT controls (ϳ41 and 32 GC, respectively). Furthermore, FACS analysis showed a normal increase of 0.9% B220 ϩ PNA high GC B cells in untreated IFNAR-B mice to 1.7% B220 ϩ PNA high GC B cells in VSV-infected IFNAR-B mice (Fig. 8B) . In a next step, IFNAR-B, IFNAR-BT, and IFNAR-T mice were analyzed for absolute counts and relative percentages of PNA high GC B cells (Fig. 8C) . As expected, WT and conditional knockout mice with a lymphocyte-specific IFNAR ablation showed an increase of B220 ϩ PNA high GC B cells 14 days after VSV injection that was more pronounced in WT and IFNAR-B mice compared with IFNAR-BT and IFNAR-T mice. Quantification of absolute cell counts showed similar amounts of splenocytes in WT and conditional knockout animals before and after immunization. Thus, after VSV infection, direct type I IFN stimulation of B cells is not critically required for the induction of neutralizing IgM responses.
Discussion
In this study, we demonstrate that VSV-neutralizing Ab responses induced by VLP-VSV showed a T help-dependent IgG switch that was critically dependent on IFNAR signaling. Although IFNAR triggering of lymphocytes is not a limiting step, it may gradually enhance the IgG switch. In VSV-infected mice, IFNAR triggering of B cells does neither critically affect GC formation nor the IgG switch of neutralizing Ab responses. Ϫ/Ϫ mice, which have been instrumental in studying IFN-␣␤ effects in vivo, are extremely sensitive to lethal VSV infection (4), we generated VLP-VSV that are entirely replication deficient and thus are noninfective. Compared with UV-inactivated VSV that induces IgM, but no IgG responses at a broad range of doses, we showed in this study and in a previous report (21) that VLP were highly immunogenic and induced Ab responses comprising IgM and IgG subclasses.
VLP-VSV-induced Ab responses that showed a T help-dependent switch of neutralizing IgM to IgG were critically dependent on IFNAR triggering. Interestingly, under these conditions, IFNAR signaling on the level of B or T cells did not critically contribute to the IgG switch. The observation that mice with a combined B and T cell-specific IFNAR ablation showed moderately reduced neutralizing Ab responses upon VLP-VSV immunization suggested that IFNAR signaling on lymphocytes may synergize to further improve the IgG switch.
Conditional IFNAR mice with a B cell-, T cell-, or combined B and T cell-specific IFNAR ablation infected with VSV mounted normal neutralizing IgM and IgG responses. This observation is in contrast to a recent study by Fink et al. (15) , who observed reduced VSV-specific IgM responses in the absence of IFNAR signaling. In this study, mice were used that carried 3 ϫ 10 6 adoptively transferred VSV-specific B cells that were IFNAR proficient or deficient. It was shown that upon in vitro incubation of IFNARdeficient splenocytes with VSV, any cell type, including specific and nonspecific B cells, macrophages, plasmacytoid DCs, and DCs, was readily infected. In contrast, IFNAR-competent splenocytes showed a strikingly reduced infection with basically only VSV-specific B cells and to a lesser extent unspecific B cells being infected. Thus, it is likely that in this system the 3 ϫ 10 6 adoptively transferred IFNAR-deficient B cells bound a good proportion of the 2 ϫ 10 6 PFU injected VSV that then resulted in infection of the B cells and subsequent cell lysis. In conclusion, it is possible that in mice carrying adoptively transferred IFNAR-deficient B cells, VSV-induced Ab responses were reduced due to experimental conditions that favored VSV infection of VSV-specific and IFNAR-deficient B cells.
In the mouse model we studied, IFNAR-B mice showed a polyclonal B cell repertoire. Thus, in IFNAR-B mice, effects as discussed above are unlikely to take place. Assuming the presence of Ͼ10 9 B cells in a mouse, basically all of which are IFNAR deficient (3, 10), Ͻ0.1% of the B cells can theoretically get infected upon injection of 2 ϫ 10 6 PFU VSV. Because, in absence of IFNAR, VSV-specific B cells do not seem to get preferentially infected (15) , this would result in the infection and destruction of Ͻ0.1% of the VSV-specific B cell repertoire. Thus, the observations described in this work probably reflect the in vivo conditions more appropriately than adoptive transfer experiments.
Upon BCR cross-linking in vitro, type I IFN was shown to increase the sensitivity of naive B cells to produce IgM (7). This suggested a lowered threshold for the induction of T help-independent IgM responses. Upon VLP-VSV immunization, IFNAR Ϫ/Ϫ mice raised slightly reduced IgM responses when compared with WT mice. Nevertheless, IFNAR-B mice did not show such a difference. Thus, in the case of the highly repetitive T cell-independent VSV-G surface Ag, optimal conditions for BCR cross-linking are provided (6, 26) that cannot be further enhanced by IFN-␣␤ stimulation. This is in contrast to the T cell-dependent Ag CGG, as discussed previously (10) .
A study by Coro et al. (14) showed that influenza virus infection induced early local Ab responses that were dependent on B cellspecific IFNAR signaling. In this study, a low pathogenic influenza virus strain was used that was similarly well cleared in IFNAR Ϫ/Ϫ and WT mice and thus allowed a comparative analysis of influenza virus-specific B cell responses in both mouse strains. In this model, IgG isotype profiles were changed in IFNAR Ϫ/Ϫ mice. Because to date isotype profiles have been found to be affected by IFN-␥, but not by IFN-␣␤, it was possible that in this model type I and type II IFN cross-talk played a role (27) . In another model, LCMV infection induced similar Ig responses against NP in IFNAR Ϫ/Ϫ and WT mice (13) . Although type I IFN responses are induced by LCMV (12), these results suggested that in the case of LCMVinduced Ab responses, IFNAR triggering did not play a role.
We report a previously unrecognized role of IFNAR triggering for the subclass switch of VSV-neutralizing Ab responses, using a nonproductive viral infection. Unlike vaccination with CGG in type I IFN (10), in our model exogenous administration of type I IFN was not required for the induction of early T help-independent IgM responses. Hence, for IgM production, the immunogenicity of VLP-VSV was functionally redundant with the adjuvant activity of type I IFN.
The IFNAR dependence of VLP-VSV-induced IgG switch raised the question as to how VLPs induce type I IFN responses. Because VLPs have been reported to contain cellular RNA instead of genomic RNA (28), it will be of interest how such particles trigger host innate immunity. The mild lymphopenia and concomitant CD69 up-regulation observed in blood of VLP-VSV-vaccinated animals suggested stimulation with locally effective, but systemically limited quantities of type I IFN (data not shown). Notwithstanding, the mild reduction in IFNAR Ϫ/Ϫ lymphocyte numbers hints at the induction of other cytokines as well. We think that our observations with VLP-VSV are relevant for VSV infection because VLP-VSV and VSV similarly express VSV-neutralizing determinants. This is supported by the observation that upon pseudotyping of retroviral and lentiviral vectors, VSV-G forms a fully functional trimeric complex that mediates cell entry and membrane fusion (29) . One difference of VLP-VSV compared with VSV is the amount of VSV-G expressed per virus-like particle, which is likely to be higher in VSV: bullet-shaped VSV displays strictly ordered gp in a paracrystalline manner, whereas on spherically shaped VLPs, VSV-G is probably less ordered. Nevertheless, these differences are not expected to significantly affect the expression of VSV-neutralizing epitopes, as also supported by electronmicroscopic studies in which a polyclonal anti-VSV-G serum decorated VSV and VLP-VSV, but not VLP-EGF (Fig. 1A) . Furthermore, Ab responses induced by VLP-VSV or VSV were analyzed for virus-neutralizing activity using one and the same live VSV-IND isolate in all tests. Thus, although VLP-VSV and VSV are considerably divergent reagents, the overall quality of Ab responses induced by these reagents can be directly compared.
Possible mechanisms by which type I IFN promotes subclass switch could involve recruitment of lymphocytes into B and T cell zones (3) and improvement of B cell priming and the GC formation through up-regulation of the costimulatory molecules CD40-CD40L, OX40-OX40L, CD80, or CD86-CD28 on DCs and B and T lymphocytes (30 -32) . Alternatively, immunological synapse formation could further be improved by stronger interactions between LFA-1 and ICAM-1 (3). Type I IFN stimulation enhances B cell survival in vitro (33) and could hence rescue B cells from apoptosis in vivo, an effect that was identified recently in CD8 ϩ T cells as a crucial mechanism to promote the generation of CTL (34) . Finally, virus infection may activate plasmacytoid DCs to secrete IFN-␣␤, which supports generation of non-Ig-secreting plasma blasts and IL-6 to promote differentiation into Ig-secreting plasma cells (35) .
In conclusion, Ab responses that differ with respect to their IFNAR dependence are induced, depending on the nature of the administered Ag. Low immunogenic Ags such as CGG induce significantly improved Ab responses if coadministered with type I IFN. Under such conditions, type I IFN has a direct impact on APCs, T cells, and B cells. In contrast, VLP-VSV that is more immunogenic, but replication deficient, induced an IFNAR-dependent IgG switch. Under such conditions, lymphocyte-specific IFNAR triggering played a very minor role. Local infection with low pathogenic influenza virus required IFNAR triggering of B cells. In this model, it is possible that IFN-␥ and IFN-␣␤ cross-talk played a role. Finally, replication-competent LCMV or VSV induced Ab responses that were largely independent of B cell-specific IFNAR triggering. Hence, an overall strong immune activation could compensate for the lack of type I IFN stimulation. Indeed, considering that many viruses have developed means to interfere with the induction of type I IFN (36 -41) , it seems likely that some kind of functional redundancy has evolved to guarantee the efficient induction of protective anti-viral Ab responses.
